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ABSTRACT
Positions of High-Mass X-ray Binaries are often known preisely enough to unam-
biguously identify the optial omponent, and a number of those stars are monitored
by the OGLE and MACHO ollaborations. The light urves of two suh andidates
are examined for evidene of Be star behaviour and for periodiity. One of the stars
exhibits two periods of 6.833 and 15.586 hours, muh shorter and more stable than
periods of Be/X-Ray Binaries that are attributed to the Be star's disk, but onsis-
tent with short-term Be variability attributed to pulsations. The multiperiodiity is
quantied with Fourier tehniques and examined for phase stability; a ombination of
radial and non-radial pulsations is disussed.
Key words: stars: osillations { stars: emission line, Be { X-rays: binaries { methods:
data analysis
1 INTRODUCTION
Due to heavy overage by reent X-Ray spae missions, the
number of known High-Mass X-ray binaries (HMXB) in the
Small Magellani Cloud (SMC) is rapidly expanding, and
is now in the sixties (Haberl et al. 2004a). The more reent
spae missions, Chandra and XMM-Newton, are able to de-
liver positions aurate to a few arseonds, opening the
door to unambiguous optial identiations.
Meanwhile, in the optial ommunity, dense starelds
are being monitored every few nights for variability with the
goal of deteting massive ompat objets via gravitational
mirolensing. Many other areas of astronomy likewise bene-
t from well-sampled light urves in the optial and near-IR.
The MACHO projet ran for seven years, until 1999, and has
reently put its data online as a servie to the ommunity.
The OGLE projet is ongoing, is urrently in its third stage,
and is expanding the area overed with eah suessive re-
alization.
Careful analysis of a number of these optial ounter-
parts to X-ray soures, whih are frequently Be stars, is
yielding interesting multiperiodi behaviour. For instane,
Shmidtke et al. (2004) give four examples of stars whih
have an orbital period, judged by outbursts, of order one
hundred days as well as quasi-periodi variations of order
10 days. A region on a disk exited by the passing ompat
objet may ause this latter variation as it orbits the star.
Haberl et al. (2004b) identied two new X-ray pul-
sars with bright stars in the OGLE atalog of the SMC
(Udalski et al. 1998). I examine these stars for periodi vari-
ations, nding no result for the star assoiated with the 499.2
⋆
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XMM-Newton XMMU OGLE SMC MACHO
Star A J005455.4-724512 SC7 47103 207.16254.16
Star B J005517.9-723853 SC7 129062 207.16313.35
s pulsar XMMU J005455.4-724512 (\star A") but nding
two periods that are both less than one day for the star as-
soiated with the 701.6 s pulsar XMMU J005517.9-723853
(\star B"). In setion 2 I explain how the light urves were
onstruted. A searh for signiant periods is overed by
setion 3. Setion 4 deals with the evolution of those peri-
ods over the time-sale of the observations. I lose with a
disussion of the possible physial mehanisms ausing this
multiperiodiity in setion 5.
2 LIGHT CURVES
I obtained OGLE data for both stars and for nearby ali-
bration stars from Andrzej Udalski. This paper is the rst
time the OGLE light urves for these two objets have
been published, sine their amplitudes of variability are too
small for membership in the atalog of SMC variable stars
(Zebrun et al. 2001). They inlude both OGLE II and the
ongoing OGLE III data, with the break at MJD 52000. At
the present time OGLE III is not arefully alibrated, so
I seleted stars within 10 arseonds of the stars of inter-
est that were brighter than magnitude 20 in the OGLE II
atalog (Udalski et al. 1998) to make a rude alibration. I
ompared the dierene in average magnitude of eah star
aross the OGLE II/OGLE III break, then determined an
oset to apply to the break by inverse variane weighting
those individual osets. These total osets have errors of 15
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Figure 1. These are the V and R MACHO and I OGLE light
urves for star A, whih is assoiated with XMMU J005455.4-
724512. Errors are omitted for larity.
Figure 2. Same as above, but for star B, whih is assoiated with
XMMU J005517.9-723853.
and 32 mmag for star A and B respetively, whih is about
the same as both the day-to-day and year-to-year variabil-
ity, so more areful alibration will not signiantly aet
these results.
The MACHO light urves are publily available via an
interative browser
1
. I derived standardV and Rmagnitudes
from the instrumental magnitudes of MACHO's blue and red
bands as Alok et al. (1999) instruts.
The resultant light urves are plotted in Figs. 1 and
2. For the MACHO data, some anomalous points are not
within the plot range. These gures show that the MACHO
and OGLE times of observation overlap between MJD 50650
and MJD 51546.5, almost three seasons of data. The rela-
tive strength of the periodiities during this time will be
ompared and disussed in terms of a physial interpreta-
tion.
For the following analysis I used the MACHO blue and
red bands, not the standard bands. The transformation re-
quired good data points for both bands simultaneously; by
using the instrumental values I was able to retain the obser-
vations for whih only one band had good data.
3 PERIOD ANALYSIS
As a rst attempt to nd periods, I made a Lomb peri-
odogram using the modiation of Sargle (1982).
Fig. 1 shows hanges in the brightness of star A with
a time-sale of the length of the data, but whether it is
periodi obviously annot be determined. Using the false-
alarm probability from Horne & Baliunas (1986) to measure
signiane, none of the datasets yielded signiant periods
besides the power at a few hundred days, whih an be seen
in the light urve. Haberl et al. (2004b) proposed it as a
Be star beause it is within the error irle of an H-alpha
emitting objet (Meyssonnier & Azzopardi 1993). The light
urve wanders on many time-sales, whih is harateristi
of Be variability, but it has a smaller amplitude than most Be
stars. It is possible that the H-alpha emission stopped after
the observations of Meyssonnier & Azzopardi (1993), whih
were done in August of 1982, but before MACHO started
taking data, so the photometri variations may represent the
star and disk in a quiesent state.
For star B, the OGLE data showed a dominant period
of 0.6494 ± 0.0001 days (1.5398 ± 0.0003 cycles/day, here-
after f1). Next I analyzed the MACHO data, whih has
peaks lustered around 0.2847 days (3.5119 ± 0.0010 c/d),
hereafter f2. On loser inspetion it beame lear that both
data sets had the other periodiity too, but it was lost in
the aliases of the stronger period.
The spetra of evenly sampled data exhibit aliases at
the signiant frequeny plus and minus multiples of the
sampling frequeny, and one an only reliably determine pe-
riods up to the Nyquist frequeny, half the sampling fre-
queny, keeping in mind that aliases from higher frequenies
an appear. For unevenly sampled data, aliasing does not
render the periodiity ambiguous. In that ase, the true pe-
riod an usually be gleaned from the peak of the spetrum
sine there is no solid sampling frequeny. Of ourse, for
1
http://www.maho.mmaster.a/Data/MahoData.html.
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Figure 3. Star B's periodogram for MACHO blue (top) and red
(middle). The dotted line is 1% false-alarm probability and the
dashed line is 0.1% false-alarm probability. The spetral window
(bottom) is very nearly the same for both.
Figure 4. Same as above for OGLE I band.
Figure 5. Top to bottom: MACHO blue and red, and OGLE I
band CLEANed spetra.
ground-based photometry, observations an only be taken at
night, and this sampling introdues seondary peaks in the
window funtion at multiples of one day. If the telesope is
in a loation from whih the star annot be observed year-
round, another small year−1 = 0.002738 c/d peak in the
window funtion ours. Finally, the total length of the ob-
servations sets the width of a spetral feature, sine two
trial periods whose assoiated frequenies are loser than
that will not go out of phase during the observation.
Fig. 3 shows the periodogram and spetral window for
the MACHO data of star B. Plotted is the modulus squared
© 2004 RAS, MNRAS 000, 1{8
4 Fabryky
Figure 6. The peak-to-peak amplitude of the periodi variation
near 1.54 c/d, plotted by year for all data sets. MACHO modu-
lation in this region was not statistially signiant during 1993
and 1995, so these years are omitted. Errors were determined by
nding the variane in the peak-to-peak amplitude of an ensem-
ble of light urves reated by varying eah datum by a Gaussian
of standard deviation equal to its error. MACHO blue data are
empty irles, MACHO red data are lled irles, and OGLE data
are rosses.
Figure 7. Same as above, near 3.51 c/d instead. OGLE modu-
lation in this region was not statistially signiant during 1998,
so this year was omitted.
of the spetral window; at negative frequenies reside the
omplex onjugate of the positive values. Although bad
points were removed only from the band in whih they were
bad, both bands share the same time sampling, so the win-
dow funtion is nearly idential. As explained, the spetral
window has its strongest aliases at multiples of 1 c/d, but
they are weaker than the true value, so naively piking the
peak as the true value works in this ase. Next to the f2− 2
c/d = 1.51 c/d alias lies another signiant peak at f1 = 1.54
c/d. Its aliases an also be seen. Fig. 4 is the periodogram
and spetral window for the OGLE data for star B. Here
the f1 peak is dominant with the f2 peak hiding among its
aliases.
The CLEAN algorithm was designed to extrat multiple
Figure 8. f1's frequeny by year, judged from the peak of the
Lomb-Sargle periodogram. MACHO modulation in this region
was not statistially signiant during 1993 and 1995, so these
years are omitted. MACHO blue data are empty irles, MACHO
red data are lled irles, and OGLE data are rosses. Typial
FWHM is 0.004 c/d.
Figure 9. Same as above, but for f2. OGLE modulation in this
region was not statistially signiant during 1998, so this year
was omitted.
periodiities from unevenly sampled data despite its ompli-
ated window funtion (Roberts et al. 1987). I ran CLEAN
on all three datasets and disovered both frequenies present
in all of them (see Fig. 5). For eah light urve the periodi-
ities have dierent powers; this ould be due to dierenes
in both bandpass and epoh of observation. In what follows
I attempt to deonvolve this dual dependene.
I split the data into year-long hunks and analyzed them
separately. Due to its position at Las Campanas Observa-
tory, Chile, the OGLE projet is not able to monitor stars
in the SMC all year round. Most sets of observations began
around June and went through February; for onveniene I
labeled suh seasons with their starting year. For instane,
2003 in Fig. 6-12 went until February, 2004. I broke the MA-
CHO data into similar hunks. For eah of these hunks, I
reorded the peak frequeny and amplitude in the viinity
(within 0.01 c/d) of the two modulations if it was signiant
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Figure 10. OGLE data for star B with power removed between 3.5023 and 3.5223 c/d, then folded at 1.5398 c/d. Eah plot is one year
of data, starting in 1997. The last plot is all seven years of data. Errors are omitted for larity.
Figure 11. Same as above, but with power removed between 1.5298 and 1.5498 c/d, then folded at 3.5123 c/d, f2's peak during the
OGLE years.
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at α = 0.01 aording to the false-alarm probability test of
Horne & Baliunas (1986). Fig. 6 and 7 are the two mod-
ulations' amplitude plotted versus year. For f2, the bluer
olours show onsiderably larger modulations, whih is true
for f1 to a lesser degree. See the disussion setion for a pos-
sible interpretation. The peak frequenies for eah year are
Fig. 8 and 9.
It is also instrutive to view the folded light urves
for eah year. If one plots the OGLE data folded at f2,
a faint pattern is disernible by eye. If, however, the data
is prewhitened with frequenies near f1, the modulation is
lear. The CLEAN algorithm sequentially identies and re-
moves the strongest frequeny, so as they were reported, if
they fell within 0.01 c/d of the dominant f1 variation, I re-
moved the best-tting sinusoid of that frequeny from the
time series. Fig. 10 and 11 show eah year's OGLE data af-
ter this proedure: they are folded at eah frequeny after
removing the other one.
4 PHASE STABILITY
These yearly light urves, leaned of the other period, also
help probe the period stability of eah variation. I found that
both periods were stable enough so that period stability an
be desribed well as a hange in phase with respet to a sine
urve with a xed frequeny.
Fig. 12 has phase diagrams for eah periodiity. They
were onstruted by splitting up the yearly data into
piees of about 20 sequential observations. The piees never
spanned OGLE's o-season between February and June.
Next, eah piee was folded and a sinusoid was t to it by
least squares. Plotted is the phase of that best-tting sinu-
soid versus the mean time of observation. A Monte-Carlo
error estimate for that phase is also plotted: I varied eah of
the data points by a Gaussian of standard deviation equal to
the quoted error and realulated the phase, thus building
up a list of 100 phases. The standard deviation of that list
is what I adopted as a measure of the error in phase. Large
error bars mean that osetting the data had a large eet
on the best t, so in these ases it an be understood that
the sinusoid t the data only poorly from the start. How-
ever, if the peak-to-peak amplitude of the t was less than
10 mmag, I judged the phase unreliable and did not plot it.
To give the plot ontinuity, I onstrained the adjaent
points in time for eah band to have phase dierene less
than 0.5 yles. It should be noted that the phases plot-
ted may be dierent by multiples of 1 cycle from reality.
For instane, in the 1.5398 c/d phase diagram in Fig. 12,
year 1996 may not be properly mathed to year 1995 due to
sparse data and a quikly hanging phase, and in the 3.5119
c/d diagram, the rst data points for eah MACHO band
may be plotted 1.0 yle too high.
It is interesting to ompare these phase diagrams with
Figs. 10 and 11. The bottom left box of Fig. 10 orresponds
to the 2001 data. For 2001 the peak of the periodogram is at
1.5430 c/d instead of f1 = 1.5398c/d (see Fig. 8). This period
derease indued an advaning phase, so the folded plot does
not look as risp as other years. If we onsider the variation
as simply a sinusoid with a disretely hanging period, the
hange of about 0.003 c/d would need about 200 days to
build up to the 0.6 yle advane shown for 2002 in the top
plot of Fig. 12. Then, in 2002, the peak of the periodogram
is 1.5383 c/d, an apparently rather strong modulation and
stable frequeny, judging by the size of the error bars on
Fig. 12 as well and the points' linearity, respetively. The
strength an be seen in the amplitude plot, Fig. 6.
A slight inrease in frequeny for both modulations o-
urred between the mid-90's and late-90's, as an be seen
both in the frequeny plots and the phase diagram. It is un-
lear if a single physial mehanism modied both periods,
but the possibility should be onsidered for a physial model.
It should also be noted that the phase mathed aross ol-
ors. Some physial models may imply a detetable phase lag
between band passes, but our analysis did not see any suh
lag.
5 DISCUSSION
Hubert & Floquet (1998) used Hipparos photometry to dis-
over that short-term periodi variability (<3.5 days) was
present in about 40% of Be stars between B0 and B3 and is
less frequent in later types. Haberl et al. (2004b) alulated
that both stars A and B have spetral type 09 V from the
data in the atalog given by Massey (2002), so the presene
of a short-term period is not surprising.
Neither of these periodiities are likely to be due to
orbits around the star. From the Corbet relation (Corbet
1984), the expeted orbital period is hundreds of days be-
ause it is orrelated with the pulsar's long period of 701.6
s. Also, if a solid body in Keplerian rotation were driving
the variability, there would not have been glithes in phase
stability. For the same reason neither of the variations are
likely to be aused by rotational modulation of a surfae in-
homogeneity, although suh interpretation is the objet of
ontroversy (Baade & Balona 1994).
The periods should not be imputed to variations in the
disk beause the phase of the variation would not be so sta-
ble: disks in Be stars are transient. It remains to be proven
that there is a disk around star B; there was no oinident
H-alpha emission in the atalog of Meyssonnier & Azzopardi
(1993). The only other (simple) explanation is stellar pulsa-
tions.
Radial pulsations (i.e. β Cephei stars) are a possibility.
The driving fore for radial pulsation has been identied
with an opaity (κ) mehanism of iron (Cox et al. 1992), so
as Sterken & Jerzykiewiz (1988) pointed out, it should be
a rarity the Magellani Clouds. In a reent OGLE-II study
of the Large Magellani Cloud (Pigulski & Koªazkowski
2002), three β Cephei stars were found, and a study of the
SMC for more was promised. Periods from radial pulsations
of the β Cephei type in the Galaxy are generally less than
0.3 d (Gautshy & Saio 1996), whih ts for the shorter pe-
riod of 0.285 d but not for the longer period of 0.649 d.
However, Koªazkowski et al. (2003) have found 20 doubly
periodi B stars in the LMC with periods in the viinity of
f1 and f2, so this star may be the rst SMC version of those
stars. The authors tentatively assigned those stars to both
β Cephei and Slowly Pulsating B-star types. The following
dierenes aution that assignment of star B to that group
is non-trivial: this star has an earlier spetral type than any
of those stars, it is in the SMC whih has lower metalliity
than the LMC, and it is part of a HMXB.
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Figure 12. The data, after being leaned of the other frequeny, is split into hunks of about 20 observations and folded at eah
frequeny. The phase with a Monte-Carlo error estimate is plotted. If the hunk has peak-to-peak amplitude less than 10 mmag, I judged
the t to be insigniant and did not plot a phase for that hunk. Phase dierene between adjaent points is fored under 0.5 yles to
impose ontinuity, but that deision is aestheti: true phase may be an integer value o. Open irles are MACHO blue, lled irles are
MACHO red, and rosses are OGLE I-band.
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The blue band would be most sensitive to the temper-
ature hanges of a hot, radially pulsating star, and there is
a marked inrease in amplitude at higher wavelength for f2.
During a yle, the highest luminosity of suh a star lags
behind its highest temperature (Cox 1980). This eet is
unlikely to indue a detetable phase lag between our band-
passes, although this assertion should be quantied by future
work.
Many reent studies desribe the short term variabil-
ity of Be stars (and hot stars in general) in terms of non-
radial pulsations (NRP). Suh studies put an emphasis
on time-resolved spetrosopy, looking for line-prole vari-
ability. Photometri variations are thought to be less pro-
nouned sine the whole star and its disk ontribute, possi-
bly aneling out a loally strong variation. Rivinius et al.
(2003) give line-prole variability for 27 early-type Be stars,
and nd that l = |m| = 2 pulsations an explain nearly all
those observations. A few stars have been monitored exten-
sively, and multiperiodiity has been deteted in a few ases.
Janot-Paheo et al. (1999) found strong photometri peri-
odiity of 1.56 c/d and intermittent periodiity of various
frequenies, inluding 3.23 c/d, in η Cen. The κ mehanism
has not been onlusively linked to NRP, so the low metal-
liity of the SMC is not neessarily a problem. In line pro-
le variations, features are seen traveling from blue to red
(Gautshy & Saio 1996). It remains to be determined if NRP
would ause a detetable phase lag in the our olours. The
amplitude of variation is expeted to depend on olour in
NRP, but dierent parts of the star are relatively old and
hot simultaneously, so it is probably weaker than for radial
pulsations. NRP seems a likely soure for the f1 variability
and a possible but unlikely soure for the variation at f2.
In onlusion, I suggest that the periodi variations of
star B are due to stellar pulsations, but whih ones ause
them is left to future work. Tentative evidene has been
given that f1 is a low-order non-radial pulsation and f2 is a
radial pulsation. Spetrosopy and further analysis is needed
before the ause of this multiperiodiity an be understood
with rigor. In partiular, the star's metalliity is one impor-
tant parameter to measure, and observations of line-prole
variability would be very valuable to disern between radial
and non-radial pulsation.
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